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Abstract

As part of the Department of Energy’s Nuclear Energy Advanced Modeling and Simulation
program, an Accident Tolerant Fuel High Impact Problem was initiated at the beginning of fis-
cal year 2015 to investigate the behavior of U3Si, fuel and iron-chromium-aluminum (FeCrAl)
cladding under normal operating and accident reactor conditions. The High Impact Problem
was created in response to the United States Department of Energy’s renewed interest in acci-
dent tolerant materials after the events that occurred at the Fukushima Daiichi Nuclear Power
Plant in 2011. The High Impact Problem is a multi national laboratory and university collab-
orative research effort between Idaho National Laboratory, Los Alamos National Laboratory,
Argonne National Laboratory, and the University of Tennessee, Knoxville. This report sum-
marizes the latest recommended material models to be used for engineering scale simulations
based upon lower length scale analyses described elsewhere. Comparative analyses between tra-
ditional fuel rods (U3Siy/Zircaloy-4) and the proposed accident tolerant fuel rods (UO,/FeCrAl
and Us3Siy/Zircaloy-4) under normal operation, loss of coolant, and reactivity insertion condi-
tions have been revisited using the latest state-of-the-art models implemented into the Bison fuel
performance code. Sensitivity analyses have also been redone to take into account the latest
knowledge on uncertain parameters.
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1 Introduction

In March 2011, a magnitude 9.0 earthquake struck off the coast of Japan. The earthquake and the
associated tsunami resulted in tens of thousands of deaths, hundreds of thousands of damaged
buildings, and a cost estimated to be in the hundreds of millions of dollars.

One consequence of the tsunami was the flooding of backup power generators at the Fukushima
Daiichi Nuclear Power Station. The loss of power to coolant systems led to high temperatures,
oxidation of Zr-based alloys, hydrogen production, melted fuel, and hydrogen explosions. As a
result, a massive cleanup effort is underway at Fukushima Daiichi. The economic impacts, both
those directly related to the cleanup and those affecting the nuclear energy sector generally, are
significant.

Following the disaster, efforts to develop nuclear fuels with enhanced accident tolerance were
begun by many nations, corporations, and research institutes. In the United States, the Depart-
ment of Energy’s Office of Nuclear Energy accelerated research on this topic as part of its Fuel
Cycle Research and Development (FCRD) Advanced Fuels Campaign (AFC). One product of
this work is Light Water Reactor Accident Tolerant Fuel Performance Metrics [1], a report by
AFC that outlines a set of metrics that can be used to guide selection of promising accident toler-
ant fuel (ATF) concepts. Since that time, the AFC has begun irradiation of several ATF materials
in Idaho National Laboratory’s Advanced Test Reactor. The most promising ATF concepts are
receiving increased focus and research funding. This work aims to assist industry in preparing
one or more candidate fuels for insertion in a commercial reactor as a lead test rod or lead test
assembly. The original goal was for insertion in 2022, but industry enthusiasm has moved that
date earlier.

Given the aggressive development schedule, it is impossible to perform a comprehensive set
of experiments to provide material characterization data. Therefore, the AFC plans to utilize
computational analysis tools in an effort to understand the proposed materials.

The Nuclear Energy Advanced Modeling and Simulation (NEAMS) program in DOE has for
some time been developing computational analysis tools. These include Bison [2—4] and Mar-
mot [5], analysis tools tailored to nuclear fuel at the engineering scale and grain scale, respec-
tively. Recently, NEAMS introduced what it calls High Impact Problems (HIPs) into its program
plan. These HIPs are intended to make a significant advance in a particular area of nuclear power
research in a short period of time (3 years or less). NEAMS chose an ATF project, which em-
phasizes utilizing Bison and Marmot to model proposed materials, as its first HIP. This report



focuses on the multiscale and multiphysics development of engineering scale models of ATF
fuel concepts, and the exercise of those models, accomplished through the ATF HIP. National
laboratories participating in the HIP include Idaho National Laboratory (INL), Los Alamos Na-
tional Laboratory (LANL), and Argonne National Laboratory (ANL). Contributions are also
being made by university researchers, including at the University of Tennessee, Knoxville.

Accident tolerant fuels are expected to give similar or better performance during normal op-
eration and improved performance in accident scenarios. Improved performance in accidents
has been interpreted to mean allowing more time for cooling to be applied before unacceptable
oxidation or melting occurs.

Of the many accident tolerant fuel concepts, two are the main focus of the NEAMS ATF HIP:
uranium silicide (U3zSiy) fuel and iron-chromium-aluminum (FeCrAl) cladding. These were
chosen through consultation with the Advanced Fuels Campaign as leading concepts, those seen
as having a reasonable likelihood of being placed in a commercial reactor in the short term.
UsSi, is promising due to its higher thermal conductivity, which will give lower fuel temper-
atures during normal operation, and its higher uranium density, which has economic benefits.
FeCrAl is promising due to a low oxidation rate and high strength.

The remainder of this report reviews these materials, models developed for analysis of these ma-
terials in reactor conditions, and insights related to the behavior of U3Si, and FeCrAl concepts.
A brief overview of the concepts comes first. Next is a review of the multiscale approach used to
develop several of the material models. Then details of the engineering scale models are given.
The report then reviews separate effects simulation and integral rodlet simulation results. The
report ends with conclusions and an outline of future work.



2 Overview of ATF Concepts

This chapter briefly introduces the two ATF candidates that are the focus of the NEAMS ATF
HIP: UsSi; fuel and FeCrAl cladding.

2.1 U3Sio

UsSi, as a replacement for UO; is being explored by the Advanced Fuels Campaign and West-
inghouse.

2.1.1 Advantages

A main advantage of U3Siy over UO; fuel is the higher thermal conductivity. Thermal con-
ductivity of UO; is ~2-5 W/m/K whereas the thermal conductivity of U3Si, is ~15-30 W/m/K.
This large difference results in lower fuel centerline temperatures and lower temperature gradi-
ents in the fuel pellet. Lower temperature gradients lower the likelihood of pellet cracking and
relocation.

The high uranium density of U3Si, (11.3 g—U/cm3 versus 9.7 g—U/cm3 for UO, [6]) is economi-
cally attractive since it may enable higher burnup and longer cycle length. Uranium nitride fuel
is attractive for the same reason, but its poor performance in water precludes its use without
being combined with another material, such as U3Si;.

2.1.2 Disadvantages

Early work indicates that UsSi; is more susceptible to chemical reaction than is UO,. For
example, Harp et al. [7] report a “layered structure of corrosion products” on the surface of
UsSi, subjected to contact with water at 300°C for up to 24 hours. Furthermore, the authors
report interdiffusion of U3Siy and Zircaloy when tested at 800°C for 100 hours. Fe and Cr
phases formed at the interface, with ZrSi, and U-rich areas in Zircaloy also present. The authors
indicate that further studies are needed, but it is clear that U5Si, is more active than UO,.



An exploration of increasing the oxidation resistance of UsSi, was the subject of the study by
Wood et al. [8]. Oxidation in 400°C air was shown to improve with the addition of aluminum.
However, any alloying element decreases the uranium content per volume, diminishing the high
uranium density advantage of the fuel. Oxidation of U3Si; is further explored in [9].

Production of UsSi, pellets has been completed in sufficient quantities to load experiments for
irradiation in the Advanced Test Reactor. Scaling up the process to enable fueling whole assem-
blies and reactors remains to be done, with challenges still to be met [10].

2.1.3 Unknowns

Swelling of U3Si; is a subject of some concern. Finlay et al. [11] reported significant swelling of
UsSi, under irradiation, and that data was used by Metzger et al. [12] to develop the first U3Sis
swelling model in Bison. The swelling in that model is quadratic in nature, giving significant
swelling after a certain burnup. If the model is accurate, the swelling will induce high compres-
sive stress in the fuel pellets. The effects of those stresses are unknown but could potentially
involve pellet damage, particularly at the pellet edge where burnup is highest.

However, Finlay et al. attribute the high swelling to a change from a crystalline to an amorphous
state. This change may not occur at reactor temperatures, and therefore the swelling may be con-
siderably lower than originally assumed. More research, both experimental and computational,
is underway to understand the phenomenon better.

Fuel swelling is connected to fission gas release, and just as there is uncertainty about swelling,
there is uncertainty about the amount of fission gas that will be released from U3Si, fuel. Exper-
imental evidence is missing in this respect, and there is a need for experimental and theoretical
work on fission gas behavior in U3Si5.

2.2 FeCrAl

Iron-chromium-aluminum alloy (FeCrAl) has been proposed as a cladding material to replace
Zircaloy. This concept is being pursued by the Advanced Fuels Campaign and General Elec-
tric.

2.2.1 Advantages

One of the most significant factors in the Fukushima Daiichi power plant accident was the oxi-
dation of Zircaloy. Given that fact, perhaps the most attractive characteristic of FeCrAl cladding



is its low oxidation rate. Oxidation rates for FeCrAl are approximately 1000 times lower than
the oxidation rates of Zircaloy [13, 14]. The oxidation rates for FeCrAl are so low that a good
approximation when modeling is that the FeCrAl cladding will not oxidize at all.

The stiffness of FeCrAl is roughly twice that of Zircaloy [14], while the yield stress is higher by
a factor of four [13].

2.2.2 Disadvantages

The thermal neutron absorption cross section of FeCrAl is about ten times that of Zircaloy. This
neutronic penalty necessitates thinner cladding, which is possible due to the higher strength of
FeCrAl. However, thinner cladding, including the use of slightly larger pellets giving the same
cold gap width, is not enough to compensate for the neutronic penalty. Enriching the fuel beyond
the current 5% limit appears to be necessary [14].

Current estimates are that FeCrAl cladding, with its neutronic penalty, will impose a fuel cost
increase of 15-35% [13, 14].

A second disadvantage of FeCrAl cladding is the anticipated increase in tritium release to the
coolant. The permeability of hydrogen in FeCrAl is about 100 times higher than its permeability
in Zircaloy [15]. Mitigation strategies for this weakness are being considered.

2.2.3 Unknowns

Material data for FeCrAl under irradiation is just now becoming available. While reasonable
expectations have been stated for the irradiation behavior, more testing is necessary to confirm
the assumptions.

The thermal creep rate of FeCrAl is significantly lower than that of Ziracloy. A preliminary
correlation for irradiation creep is available, and further experimental investigations are currently
underway at Halden. It is also worth considering the possibility of using the creep rate as a
design parameter. Perhaps slight alloying adjustments might be made that result in a creep rate
that optimizes a particular behavior of the cladding.

Isotropic swelling of FeCrAl alloys under fast neutron flux is not yet characterized.
It is expected that FeCrAl will become harder and more brittle with irradiation [14]. The extent

of the changes will have important consequences for the accident behavior of the cladding.
Recent work indicates that burst FeCrAl tubes may open more fully than Zircaloy tubes [16]. It



is possible that an embrittled cladding would open even more fully upon burst, increasing the
likelihood of fuel being dispersed into the coolant.

2.3 Other concepts

Several other accident tolerant fuel concepts have been proposed. While not a primary focus of
the ATF HIP, a few are mentioned here.

Silicon carbide cladding is being proposed due to low oxidation rates. However, challenges
include dissolution in coolant [17], manufacturing and maintaining hermiticity [18], and join-
ing [19].

Coated Zircaloy cladding is another possibility. This technology is being pursued by several
institutions, including AREVA [20]. Challenges include manufacturing and the fact that initial
work has focused on the exterior of the cladding, leaving the interior of the cladding unpro-
tected.

Chromium-doped UQO, fuel has been under investigation for some time due to the presumption
that larger grains will result in lower fission gas release. Recent work by researchers at Los
Alamos National Laboratory and others has helped explain the effects of dopants. More research
is needed to evaluate the competing effects of a larger grain size and a changed fission gas
diffusivity. Chromium-doped UO, is also reported to be a softer fuel, lessening harmful PCMI
effects.

Fully ceramic microencapsulated (FCM) fuel has also been proposed (see [21] as an example).
The FCM concept involves TRISO fuel particles embedded in a matrix, the whole taking on a
geometry similar to that of UO, pellets. FCM, like other accident tolerant fuel concepts, lacks
detailed irradiated material behavior data and is likely to be more expensive than the current
UO,/Zircaloy fuel system.



3 The Multiscale Approach

As previously mentioned, the aggressive deployment goals for ATF concepts make characteri-
zation of the material properties and behavior of ATF materials through extensive experimental
investigation impossible. Early decisions are being based on engineering judgment, very limited
experimental data, and computational modeling.

Computational modeling generally relies on experimental data to provide guidance for empirical
or mechanistic descriptions of material behavior. Models for UO, and Zircaloy in use today are
based on decades of collected data, data both from dedicated experiments and from commercial
use. In the case of UsSi; and FeCrAl, similar data does not exist, and a different approach is
needed.

Taking thermal conductivity of fuel as an example, it is common to develop a correlation for
thermal conductivity as a function of burnup. However, if data is not available, thermal con-
ductivity degradation can be estimated based on grain-level behavior. Particularly, the effect of
fission gas bubbles on thermal conductivity can be estimated given calculations performed at the
scale of grains of fuel. This approach with Marmot has been demonstrated in the literature [22—
24] for UO; fuel. This approach requires data from the atomistic scale as input to the grain-level
calculations. Thus, it is truly a multiscale approach.

A similar approach has been taken for UsSi; using Marmot and GRASS-SST [25]. Marmot [5]
and VPSC [26] are likewise being used to develop predictive models for FeCrAl cladding. The
following chapter shows some of the results of this multiscale modeling effort.



4 Model Development

4.1 U;3Sio

The material and behavior models obtained from the existing literature or developed based upon
lower length scale modeling and incorporated into Bison to facilitate fuel performance analyses
of U3Si, fuel include thermal and mechanical properties, swelling and fission gas behavior, and
thermal and irradiation creep. The details of the models are described in this chapter.

4.1.1 Thermal and Mechanical Properties

The thermal and mechanical properties of U3Si, fuel include elastic properties, thermal conduc-
tivity, specific heat capacity, and thermal expansion.

4.1.1.1 Elastic Properties

The elastic properties of UsSi, determines the mechanical response of the fuel under mechan-
ical loading in the elastic regime. Limited experimental data exists regarding the temperature
dependence of Young’s modulus and Poisson’s ratio, and the data that is available is based upon
dispersion research reactor and not power reactor conditions. However, in the absence of other
data, constant values of 140 GPa and 0.17 for Young’s modulus and Poisson’s ratio, respectively,
are used as per Metzger et al. [12].

4.1.1.2 Thermal Conductivity

The thermal conductivity of U3Siy is a measure of its ability conduct heat and appears in
Fourier’s Law for heat conduction. Three different models have been added to Bison to account
for the evolution of thermal conductivity as a function of temperature, temperature gradient, and
fission density (burnup).



The base empirical thermal conductivity model is a linear function of temperature based upon
experiments by White et al. [27]:

k=4.99640.0118T “4.n

where k is the thermal conductivity in W/m-K and T is the temperature in K. This model is valid
from 300 K to 1773 K.

The thermal conductivity degradation model for U3Si; uses the unirradiated thermal conduc-
tivity calculated by Equation 4.1 to calculate the intrinsic thermal conductivity. The intrinsic
thermal conductivity is then multiplied by two degradation factors due to contributions from in-
tergranular and intragranular bubbles. The model is based upon rate theory calculations [28] for
which a tricubic interpolation algorithm was developed for incorporation into Bison. The model
is a function of temperature, local temperature gradient, and fission density (burnup). The ranges
of applicability of the model are temperatures from 390 K to 1190 K, temperature gradients from
0 to 160 K/mm and fission densities from 0 to 2.5755 x 10?! fissions/cm?.

The intrinsic thermal conductivity is calculated as follows:

kwhite

kin = (4.2)

1 — kyppire B
whzteg

where k,,p;r 1s thermal conductivity calculated by the White model, R is the Kapitza resistance
(2.5¢-8 m?-K/W), and g is the grain size (taken as 35 um).

The modified Kapitza resistance is determined based upon the amount of grain boundary cover-
age:

FCcov

GBeov = 3000.0

(4.3)

where GB,,, is the grain boundary coverage, and FCOV is computed by the tricubic interpolation
calculation. The modified Kapitza resistance is then determined by:

R =R(1- GBCOV)O.86+O.3ln(R) (4.4)

The intergranular factor is then computed by:
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where g, is the grain size specified in the GRASS-SST rate theory calculation. This value is
taken as 5.0 um. The intragranular factor is calculated by:

1.0-GSWb

[ 2 A e — 4.6
Jint 1.0+0.9GSWb (4.6)

where GSWb is the intragranular gaseous swelling strain due to intragranular bubbles calculated
by the tricubic interpolation calculation. Finally the thermal conductivity is then given as:

k= kinfinterfintra (47)

4.1.1.3 Specific Heat Capacity

The specific heat capacity of UsSi; is measure of its ability to absorb heat per unit mass and
is of particular importance during reactivity insertion accidents (RIA). The most recent model
available in Bison is based upon the experiments of White et al. [6, 27]. In J/mol-K the specific
heat is calculated via a linear function of temperature:

cp = 140.5+0.02582T 4.8)

The ¢, value is then converted into units of J/kg-K by dividing by the molar mass of U3Si; given
by 0.770258 kg/mol.

4.1.1.4 Thermal Expansion

According to Metzger et al. [12] the linear thermal expansion coefficient is reported in multiple
locations within the literature. The value chosen by those authors and used in this work is a
constant value valid from 298 K to 1473 K of 15.0x 107 K~

10



4.1.2 Swelling and Fission Gas Behavior

The understanding of fission product swelling and fission gas release in U3Si; is essential to
predict the fuel performance of a fuel rod containing U3Si; because it will directly influence
the stress and strain states in both the fuel and cladding as well as the internal pressure of the
rod. Three models have been developed for this purpose: empirical, rate theory, and coupled gas
swelling and fission gas release. A densification model is also used that takes into account the
sintering of the fuel early in life.

4.1.2.1 Densification

UsSi; is expected to experience densification similar to UO,. Thus, the fuel densification is
computed using the ESCORE empirical model [29] given by:

(Bu n(0.01) )
ep = Apo (6 o> ) — 1> 4.9)

where €p is the densification strain, Apy is the total densification that can occur (given as a
fraction of theoretical density), Bu is the burnup, and Bup is the burnup at which densification
is complete. For temperatures below 750°C the parameter Cp is given by 7.2 —0.0086(7 —25);
above 750°C the parameter is 1.0 (7 in °C).

4.1.2.2 Empirical Model

Since the data for U3Si, is limited, an empirical expression for the swelling of U3Si, was de-
termined using data from Figure 3 of [30]. The swelling of fuel particles was calculated by
Finlay using the results of miniplate irradiation tests. To convert Finlay’s data (fission density)
to FIMA, a value of 10.735 g/cm? was used as the heavy metal density, equivalent to 95% the-
oretical heavy metal density. Based on Finlay’s data the volumetric strain can be written as a
function of burnup:

av
V= 3.8808 x Bu*+0.79811 x Bu (4.10)

where dV /V is the volumetric strain at a given burnup Bu. The burnup is in units of FIMA. The
quadratic equation for the total volumetric strain is then decoupled into its solid and gaseous
components. The solid swelling is a linear function of burnup based upon the data of Hof-
man [31] using the same conversion procedure from fission density to burnup given above:

11



av
(> =0.34392 x Bu “4.11)
4 solid

which results in a gaseous swelling contribution given by the following quadratic function of
burnup:

dv
<> = 3.8808 x Bu’ 4 0.45419 x Bu (4.12)
gaseous

4.1.2.3 Rate Theory Gaseous Swelling Model

The rate theory gaseous swelling model uses the same tricubic interpolation scheme as the ther-
mal conductivity degradation model. In this case, the parameter called GSW representing the
total gaseous swelling is calculated and used. The same ranges of applicability as the ther-
mal conductivity degradation model apply to this model. The value calculated by this model is
added to the solid swelling given by Equation 4.11 and the densification given by Equation 4.9
to determine the total volumetric change.

4.1.2.4 Combined Gaseous Swelling and Fission Gas Release

The combined gaseous swelling and fission gas release model handles fission gas swelling and
release in U3Sip under power reactor conditions. The model calculates the coupled fission gas
swelling and release concurrently and is physically based. This model relies on the current un-
derstanding of microstructure and fission gas behavior in U3Si,, including the recent findings
from lower-length scale modeling and the available experimental data. Based on the experimen-
tal evidence from [32], we assume U3Si; remains crystalline at power reactor temperatures. We
also assume both intra-granular and grain-boundary gas bubbles develop, as in UO,.

In order to mitigate the scarcity of experimental data, new physically based descriptions of
specific processes can be informed with U3Si, material parameters which have been extracted
from lower-length scale modeling. Furthermore, the physical interpretation of some relevant
processes differ from the interpretation in the existing UO, model in Bison to better conform to
the current understanding of fission gas behavior in U3Si;. These processes include:

1. Modeling of intra-granular bubble nucleation and re-solution based on the so-called ho-
mogeneous mechanisms

12



2. Modeling intra-granular bubble growth considering absorption of vacancies by the bubbles
and based on an adaptation of the Speight-Beere model.

Material parameters are taken from lower-length scale calculations for U3Si,, where available.
Parameters for which specific UsSi, values are not yet available are given acceptable values
based on data for metals, theoretical considerations or the best fitting of model results to ex-
perimental data. The model presented here is an initial engineering-scale fission gas model for
UsSi, that incorporates state-of-the-art understanding and lower-length scale modeling data and
will be progressively updated as new data become available.

The model accounts for nucleation of bubbles, re-solution of gas from bubbles to the matrix,
and trapping of gas from the matrix into the bubbles. Fission gas transport from within the
fuel grains to the grain faces is computed by the numerical solution of the diffusion equation in
one-dimensional spherical geometry.

Nucleation and re-solution may occur by different mechanisms, i.e., heterogeneous and homo-
geneous [33]. Heterogeneous nucleation and re-solution refer to the creation of new bubble
nuclei as a direct consequence of the interaction of fission fragments with the lattice and bub-
ble destruction occurring en bloc by passing fission fragments, respectively. The homogeneous
mechanisms account for the nucleation of bubbles by diffusion-driven interactions of dissolved
gas atoms and re-solution occurring gradually by ejection of individual atoms. The dominant
mechanisms depend upon the nature of the interactions between fission fragments and lattice
(electronic or phononic). Based on [34], we assume the homogeneous mechanisms to dominate
in U3Si;. The equations for the evolution of the intra-granular gas bubble number density and
gas atom concentrations are:

AN b

S VTN (4.13)
1

gjz rzaar <r2gj)gc+bm2v+ﬁ (4.14)
om
S = Tee—bm+2v (4.15)

where N (m~3) is the number density of intra-granular bubbles, 7 is the number of gas atoms per
bubble, ¢ and m (m~3) are the intra-granular gas concentration in the matrix and in the bubbles,
respectively, ¢ (s) the time, D (m?s~!) the single-atom gas diffusion coefficient, » (m) the radial
coordinate in the spherical grain, B (m~3s~!) the gas generation rate, g (s~ !) the trapping rate, b
(s~ 1) the re-solution rate. The coefficient 2 of the nucleation rate v (atm m 35~ 1), represents the
fact that bubbles are nucleated as dimers.

13



The nucleation rate is calculated as:

V = 8DR fnc* (4.16)

where R, (m) is the radius of a single fission gas atom and f,, is the nucleation factor (/), equal
to 1079 (e.g., [35]). This system of equations is solved with an advanced version of the PolyPole
algorithm [36].

Intra-granular bubble growth is treated using a modified [37] model. The mechanical equilib-
rium of an intra-granular bubble, assumed to be spherical, is governed by the Young-Laplace
equation

Peqg = R;Z —Op 4.17)

where p,, (Pa) is the equilibrium pressure, ¥ (J m~2) is the U3Si» gas surface energy and 6, (Pa)
is the hydrostatic stress. In general, the bubbles are in a non-equilibrium state and tend to the
equilibrium condition absorbing or emitting vacancies. The vacancy absorption/emission rate
can be calculated starting from the approach in [37] as

dniv 2nD}}gp
_ . 4.1

with 7n;, (-) the number of vacancies per intra-granular bubble, DlVg (m? s~ 1) the intra-granular
vacancy diffusion coefficient, p (m) is the radius of the equivalent Wigner-Seitz cell surrounding
a bubble and influenced by the vacancy absorption/emission, k (J K!) is the Boltzmann con-
stant, T (K) is the local temperature, and { (-) is an dimensionless factor, which is calculated
as [38]

(4.19)

- 10y(1+vy?)
YO+ 5y2 -9y +5

R
where y = ~% is the ratio between the bubble and the cell radii. The approach presented here

differs from the original proposed in [37] because it involves a 3D representation of the ab-
sorption/emission phenomena, rather than a 2D description, which better suits the absorption/e-
mission of vacancies at grain boundaries. For the diffusion coefficients, D and Dv;,, and the
re-solution rate, b, we use values for U3Si, from the atomistic work of [39] and [34], respec-
tively.

14



The pressure of the bubble is expressed as, considering a van der Waals gas,

n (4.20)

where Q (m?) is the vacancy volume, 1 (-) is the ratio between 72 and n;,, and ® (m?) is the van
der Waals atomic volume for xenon.

The volume of intra-granular bubbles is calculated as

Vp = npQ 4.21)

such that the radius is evaluated considering spherical bubbles

Rpy=1 Y (4.22)
4r

The intra-granular swelling is calculated as the average volume of the bubble with respect to the
bubble number density.

The formation of the high burnup structure is not currently represented in the model, due to the
lack of data on this phenomenon in U3Si,.

The numerical solution of Eqs. 4.14 allows estimating the arrival rate of gas at the grain faces,
providing the source term for the grain-face gas behavior module. This computes both the fis-
sion gas swelling and release through a direct description of the grain-face bubble development,
including bubble growth and coalescence (which are reflected in fuel swelling), and the eventual
inter-connection (leading to thermal fission gas release).

These conceptual steps and the related equations are identical to those applied in the existing
UO; model in Bison. However, the material parameters are specific to the U3Si, model. Never-
theless, in this model an initial concentration of grain-face bubbles equal to 2 - 10'? is employed.
The value is one order of magnitude lower than the one employed in UO;, reflecting the lower
bubble density noticeable in uranium silicide from the available experimental data [32].

The fractional volume grain-face fission gas swelling is given by

AV — l Ngf ﬂ 3
(V) " 213y (3“‘P(®)Rgf> (4.23)
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where N,y is the number density of grain-face bubbles per unit surface, r,, the grain radius, © the
bubble semi-dihedral angle, @(®) the geometric factor relating the volume of a lenticular-shape
bubble to that of a sphere, which is 1 — 1.5cos(®) + 0.5cos*(®), and R, the bubble radius of
curvature. The factor 1/2 is introduced in Eq. 4.23 because a grain-face bubble is shared by two
neighboring grains.

Bubble growth is calculated with the model of Speight and Beere [37], to describe the growth (or
shrinkage) of grain-face bubbles as proceeding by absorption (or emission) of vacancies in grain
boundaries, induced by the difference between the pressure of the gas in the bubble, p (Pa), and
the mechanical equilibrium pressure, p,, (Pa).

The approach is conceptually analogous to that applied for the growth and shrinkage of intra-
granular bubbles. The diffusion coefficient of vacancies at grain boundaries is estimated by
multiplying the intra-granular one by a factor of 10”.

This approach computes the bubble growth rate from the rate of inflow of gas atoms and the rate
of absorption (emission) of vacancies at the bubble. The combined effects of gas atom inflow
and vacancy absorption (emission) are interactive, since the addition of fission gas atoms gives
rise to a change in the bubble pressure, which affects the propensity of the bubble to absorb (or
emit) vacancies. Given the volume, V,r, of a lenticular bubble of circular projection, the bubble
radius of curvature is calculated as

1

_ 3ng :
Ryr = (4mp (®)> 4.24)

The process of grain-face bubble coalescence, which leads to a progressive decrease of the bub-
ble number density throughout irradiation, is described with a model based on [40, 41]. Accord-
ing to this model, the rate of loss of bubbles by coalescence is given by

2
ngf _ ON, sf dAgf

= _ 4.25
dt 3+4Nnggf dt ( )

where Ngy and Ay represent the number density and projected area of grain-face bubbles, re-
spectively.

The release of fission gas to the fuel rod free volume after the inter-connection of grain-face
bubbles and the consequent formation of pathways for gas venting to the fuel exterior (thermal
release) is based on the principle of grain face saturation. More specifically, a saturation cover-
age concept is adopted that assumes once the fractional coverage, F', attains a saturation value,
Fi4, the bubble number density and projected area obey the saturation coverage condition
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F = NgfAgs = Fua (4.26)

where N, is the bubble number density and A,r = 7 (sin (@))ZRAZ,  is the bubble projected area
on the grain face. In absence of experimental data on the maximum grain-face bubble coverage
in U3Siy, the theoretical value Fsar = /4 is used.

Eq. (4.26) implies that, after attainment of the saturation coverage, a fraction of the gas on
the grain faces is released to the fuel exterior and thereby compensates for continuing bubble
growth.

4.1.3 Thermal and Irradiation Creep

A preliminary model for thermal and irradiation creep of U3Si, fuel based upon the work of
Metzger [42] has been incorporated into Bison. Initial simulations have indicated that above a
homologous temperature of 0.75 7,,.;; and a von Mises to shear modulus ratio greater than 1073
unrealistically high creep rates are observed. Discussions with Metzger and other researchers at
the University of South Carolina have indicated that additional work is currently being conducted
to investigate and improve the model. Therefore, in the simulations presented in this work U3 Si,
is treated as an elastic material. It is noted that for improved comparisons between U3Si, and
UQO; fuel performance a thermal and irradiation creep model for U3Si, should be used as it may
offset some of the gaseous swelling that occurs. However, due to the only available model in
the literature currently undergoing revision, it was deemed appropriate to treat the U3Si, fuel as
elastic.

4.2 FeCrAl

The material and behavior models obtained from the existing literature or developed based upon
lower length scale modeling and incorporated into Bison to facilitate fuel performance anal-
yses of FeCrAl cladding include thermal and mechanical properties, volumetric swelling, ox-
idation kinetics, thermal and irradiation creep, and failure (burst). The details of the models
are described in this chapter. In this work the laboratory-developed FeCrAl alloy known as
C35M [43, 44] is of particular interest. In the absence of data for certain properties of C35M,
the published data for the commercially available alloy called APMT™ is used.
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4.2.1 Thermal and Mechanical Properties

The thermal and mechanical properties of FeCrAl cladding include elastic properties, yield stress
(YS), ultimate tensile strength (UTS),thermal conductivity, specific heat, and thermal expan-
sion.

4.2.1.1 Elastic Properties

The temperature dependent Young’s modulus and Poisson’s ratio of C35M were obtained from
Thompson et al. [45] as a function of temperature:

E=-546x107T*—-3.85x 10727 +1.99 x 10? (4.27)

v=385x10"T +2.68 x 10~ (4.28)

where E is the Young’s modulus (GPa), v is Poisson’s ratio, and 7T is the temperature (°C).
These equations are valid for temperatures ranging from 25-850°C. In the absence of higher
temperature data these equations are extrapolated at temperature higher than 850 °C.

4.2.1.2 Yield Stress and Ultimate Tensile Strength

The yield stress and ultimate tensile strength (UTS) of C35M as a function of temperature are
illustrated as piecewise functions in Figure 4.1. The plot is adapted from Figure 10 in Yamamoto
et al. [44]. At high temperatures it is observed that little ductility remains and failure will occur
in a relatively brittle fashion. Irradiation effects on the yield strength and UTS are not taken into
account.

Yamamoto’s data only covers temperatures ranging from 300 to 1000 K [44]. Based on research
by Yano et al. [46] on other ferritic and martensitic steels, there are distinct temperature depen-
dent regions (low, mid, high) of the UTS. In the low temperature region the UTS drops relatively
slowly with increasing temperature. In the midrange temperatures there is a rapid decrease in
the UTS as temperature increases. The high temperature region results in a slow reduction of
the UTS to approximately zero at the melting point. Using these observations on other alloys,
an additional data point of a UTS of zero was added to Yamamoto’s data at the melting point of
C35M (1773 K). Since the yield stress approaches the UTS at the midrange temperatures, the
yield stress is also set to zero at the melting point.
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Figure 4.1: Yield stress (YS) and Ultimate Tensile Strength (UTS) as a function of temperature
for FeCrAl alloy C35M. The UTS is set to zero at the melting point of C35M.

4.2.1.3 Thermal Conductivity and Specific Heat

The thermal conductivity and specific heat of APMT™ used in this analysis (in the absence of
thermal property data of C35M) are obtained from the datasheet published by the manufacturer
Sandvik AB [47]. The tabulated values are plotted in Figure 4.2 as a piecewise linear function.
The non-monotonic trend of specific heat with temperature is adopted here for conformity with
the data but will require further investigation in the future.

4.2.1.4 Thermal Expansion

The coefficient of linear thermal expansion adopted for C35M was taken from the APMT™

datasheet. The mean thermal expansion values are shown in Table 4.1. Since Bison requires the
instantaneous thermal expansion coefficient, the methodology of Niffenegger and Reichlin [48]
is employed to ensure correct results.

4.2.2 Volumetric Swelling

As a preliminary approach for the swelling of C35M, an upper bound swelling rate provided
by Terrani et al. [49] of 0.05% per dpa is considered. Using the same conversion factor as
for irradiation creep (1 x 10% neutrons/m? = 0.9 dpa) and integrating over time the volumetric
swelling strain is given by:
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Figure 4.2: Thermal conductivity (k) and specific heat (C,) piecewise linear functions of tem-
perature for Kanthal APMT™,

Table 4.1: Temperature dependent coefficient of thermal expansion (CTE) of Kanthal APMT™,
Temperature Range (°C) CTE (um/m-K)

20 - 250 12.4
20 - 500 13.1
20 - 750 13.6
20 - 1000 14.7
20 - 1200 15.4
e=45%x10""d (4.29)

where and @ is the fast neutron fluence (neutrons/m?).

It should be noted that the incubation behavior of swelling is not considered at this time and
should be included in the future as relevant data becomes available.

4.2.3 Thermal and Irradiation Creep

The recommended models for thermal and irradiation creep are given by Terrani et al. [49].
These are based on very recent experimental data from in-pile and out-of-pile creep tests per-
formed at Halden and at ORNL. Thermal creep takes the form of the Norton creep law
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—29709
¢ =2.89 x 10736 exp ( - ) (4.30)
at temperatures below 873 K. Above this temperature the correlation proposed by Saunders et

al. [50] is used:

- 4.31)

—47136
€ =5.96 x 10726 exp < >
where € is the creep rate (s™1), o is the effective stress (Pa) and T is the temperature (K). The
recommended irradiation creep coefficient [49] is 5 x 107® per MPa per dpa. By utilizing a
conversion factor of 1 x 10%° neutrons/m? = 0.9 dpa [51], a correlation for irradiation creep can

be derived:

¢=45%x10"3"o¢ (4.32)

where © is the effective stress (MPa) and ¢ is the fast neutron flux (neutrons/m?2-s).

4.2.4 Oxidation Kinetics

One of the advantages of FeCrAl alloys over zirconium-based alloys is their increased oxidation
resistance. Recent autoclave experiments under PWR, BWR-HWC (hydrogen water chemistry),
and BWR-NWC (normal water chemistry) conditions were completed by Terrani et al. [52].
Here, only the PWR and BWR-NWC cases are of interest. The experiments were conducted at
normal operating temperatures 330°C and 290°C for PWR and BWR, respectively. Parabolic ox-
ide growth kinetics govern the mass gain as a result of the formation and growth of the chromium
rich chromite (FeCr,O4) layer:

w= kvt (4.33)

where k is the parabolic oxidation rate constant (mg/cmz—hl/ %) and t is the time (hr). The thick-
ness of the chromite layer is then given by:

-
pox
where p,, is assumed to be the density of oxygen in chromite (1440 kg m/?) [52].

) (4.34)

The parabolic rate constants used from [52] in the Bison model are 3.96 x 103 and 4.51 x 1074
mg/cmz—hl/ 2 for PWR and BWR-NWC coolant conditions, respectively. These correspond to
the FeCrAl alloy with composition of Fe-13Cr-4Al which most closely represents the C35M
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alloy of interest in this work. Note that these rate constants are independent of temperature.
Therefore, the mass gain and oxide thickness in this model are only dependent upon the irradi-
ation time. As new data is becomes available the temperature dependence of the oxidation rate
constant will be taken into account. In the description of the oxidation model only the formation
of the oxide thickness was presented. It should be noted that Terrani et al. [52] state in addition
to the formation of an oxide scale, additional metal in FeCrAl alloys will dissolve into the water,
which results in a further reduction of the overall cladding thickness. This dissolution process
does not occur in zirconium-based alloys. In this work, the formation of the oxide scale is the
important mechanism as the amount of volatile hydrogen gas produced can be correlated to the
thickness of the oxide.

4.2.5 Failure (Burst)

In early FY17 a failure criterion for FeCrAl claddings was developed based upon the experiments
completed by Massey et al. [16]. The failure criterion is represented by a burst stress calculated
by:

Ultimate Tensile Strength, for 7 <796.8 K
Churss = { £ (4.35)

28440.98¢~0-005588T for T > 796.8 K

Further details of the development of this model can be found in Gamble et al. [53].
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5 Separate Effects Simulations

Separate effects simulations examine the effects of individual material models on fuel perfor-
mance parameters (e.g., temperatures, stresses, strains) of interest with minimal influence of
other models. In some cases separate effects tests look at the behavior of one model given the
inclusion of another model (e.g., examining the effect of oxidation on burst behavior). In other
cases separate effects tests can be used as a method of verification to ensure sure that the solu-
tion obtained matches what would be calculated analytically. Separate effects simulations have
been completed in earlier reports for FeCrAl [54] and U3Si, [55]. In those reports comparisons
between FeCrAl and Zircaloy-4 and U3Si; and UO, were completed respectively. Tables 5.1
and 5.2 provide a summary of conclusions. The reader is encouraged to read the previously

published reports for additional information.

Table 5.1: Conclusions drawn from separate effects tests between FeCrAl and Zircaloy-4

Separate Effects Test

Conclusions

Elasticity

Thermal Creep
Thermal Conductivity
Oxidation

Burst (Failure)

FeCrAl experiences smaller strains but larger stresses
compared to Zircaloy-4.

FeCrAl experiences significantly smaller thermal creep
strains compared to Zircaloy-4.

FeCrAl and Zircaloy-4 have similar thermal conductivity
behavior as a function of temperature.

FeCrAl experiences significantly lower oxide thickness
formation compared to Zircaloy-4.

FeCrAl experiences similar burst behavior to Zircaloy-4
under both oxidizing and non-oxidizing conditions.

Table 5.2: Conclusions drawn from separate effects tests between U3Sip and UO;.

Separate Effects Test

Conclusions

Thermal Conductivity
Volumetric Swelling

Fission Gas Release

UsSi; has higher thermal conductivity values than
UO; while taking into account degradation.

UsSi, experiences significantly larger strains due to
gaseous fission products when compared to UO;.

UsSi, has similar FGR at low temperatures and signifi-
cantly larger FGR at high temperatures when compared
U0;.
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6 Integral Rodlet Simulations

In contrast to separate effects simulations, integral simulations investigate the evolution of fuel
performance parameters when utilizing all of the existing material and behavior models for
UsSiy. In previous publications integral rodlet simulations including sensitivity analyses have
been completed for FeCrAl and UsSi; [56-59]. Since then, the more mechanistic lower length
scale informed models have been incorporated into Bison. Therefore, the integral rod(let) tests
are revisited and new sensitivity analyses are completed here. In this chapter the descriptions
and results of four different types of scenarios are provided including, normal operation, loss of
coolant accident, and reactivity insertion accident.

6.1 Normal Operation

6.1.1 Nominal Case

Recall that the definition of what qualifies a material as accident tolerant given by Bragg-Sitton
et al. [1] states that a material must provide increased response time during postulated acci-
dent conditions with similar or improved performance during normal operation. Therefore, the
first integral rodlet analysis was completed during normal operating PWR conditions. In this
analysis three different 10 pellet rodlets (UO,/Zircaloy-4, UO,/FeCrAl, UsSiy/Zircaloy-4) were
subjected to a power history consisting of a linear ramp from zero to 25 kW/m over 10000
seconds and held constant for ~3.2 years. The fuel column was smeared (i.e., no dishes or
chamfers on the pellets) with an initial density 95% of theoretical. The rodlet diameter (i.e.,
cladding outer diameter) and as manufactured fuel-to-clad gap was the same in all rodlets. To
take into account the necessity for thinner cladding when using FeCrAl to overcome the neu-
tronic penalty imposed by the increased thermal neutron absorption cross-section, the cladding
thickness was reduced in the UO,/FeCrAl rodlet while the fuel outer diameter was increased.
Table 6.1 summarizes the details of the three rodlets.

The results of the normal operation analysis for the three different cases are shown in Figures 6.1
through 6.6. Figure 6.1 shows the time evolution of the fuel centerline temperature for the three
different rodlets analyzed. As expected, the U3Si, rod achieves lower temperature during the
entire irradiation time because of the significantly larger thermal conductivity of the fuel. The
gradual decrease in temperature in the two Zircaloy-4 clad rods is caused by the creeping down
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Table 6.1: Rodlet specifications for normal operation simulations
UO,/Zircaloy-4 UO,/FeCrAl Us3Siy/Zircaloy-4

Rodlet Rodlet Rodlet
Number of pellets 10 10 10
Fuel enrichment (%) 5 5 5
Fuel density (kg/m?) 10431.0 11590.0 10431.0
Pellet length (mm) 11.86 11.86 11.86
Pellet outer diameter (mm) 8.19 8.57 8.19
Radial gap width (um) 80 80 80
Clad thickness (mm) 0.575 0.385 0.575
Rodlet length (mm) 150 150 150
Rodlet diameter (mm) 9.5 9.5 9.5
Initial fill pressure (MPa) 2 2 2
Initial fill gas Helium Helium Helium
Plenum height (mm) 26 26 26
Initial fuel grain radius (um) 10 10 10
Coolant inlet mass flux (kg/m?-s) 3800 3800 3800
Coolant inlet temperature (K) 580 580 580
Coolant pressure (MPa) 15.5 15.5 15.5

of the cladding reducing the gap thickness resulting in increased heat transfer. Contact between
the fuel and cladding is observed at the times where the slope in the temperature curves changes
significantly. While U3Si; has a larger thermal expansion coefficient compared to the UO;, the
inclusion of a relocation model in UO; results in contact being established slightly earlier in the
UO,/Zircaloy-4 rodlet compared to the U3Siy/Zircaloy-4. Due to the limited creep experienced
by FeCrAl, the gap remains open significantly longer and contact is established near the end of
the irradiation.

The time evolution of hoop strain and stress at the inner surface of the cladding is plotted in
Figure 6.2. Once again the change in slope of the curves correspond to the onset of contact.
The initial non-zero strain is entirely driven by thermal expansion with FeCrAl having a larger
thermal expansion than Zircaloy-4. Both the UO,/Zircaloy-4 and UsSi,/Zircaloy-4 rodlets ex-
perience significant decreases in the hoop strain up to the point of contact due to the large creep
rate in Zircaloy-4. The change in slope is less drastic in the UO, fueled rods because creep is
taken into account and the fuel is more compliant with the cladding. Rapid increases in strains
is observed in the U3Siy/Zircaloy-4 rodlet because no creep model exists for UsSip, and it is
thus treated as elastic. In addition, the swelling strains are significantly larger resulting in harder
contact with the cladding occurring later in the irradiation history.

As for the hoop stress at the inner surface shown in Figure 6.2b, the magnitude of the stress is

larger (compressive) initially in the UO,/FeCrAl due to the reduced cladding thickness. Upon
contact both the UO,/FeCrAl and U3 Siy/Zircaloy-4 rods experience larger changes in hoop stress
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Figure 6.1: Centerline temperature evolution during normal operation for the three rodlets.

compared to the UO,/Zircaloy-4 case. The cause in the UO,/FeCrAl rodlet is driven by the re-
duced cladding thickness for FeCrAl whereas in the U3Siy/Zircaloy-4 case stress increases are
driven by the elastic treatment of the fuel and the significantly larger gaseous swelling experi-
enced in UsSi,.

Similar behavior is observed at the outer surface of the cladding in terms of hoop strain and
stress evolution as illustrated in Figure 6.3. However, the magnitudes are slightly higher than at
the inner surface as expected due it being at a larger radius.

Comparisons of the fission gas release as a function of irradiation time is shown in Figure 6.4.
It is observed that fission gas begins to release from the fuel in all rodlets around the same time.
However, the rate at which it is released in the U3Si,/Zircaloy-4 rodlet is significantly higher than
the UO; fueled rodlets. This is expected because the diffusion coefficients for fission gases are
larger in U3Si, than in UO,. While the volume of fission gas released is constantly increasing,
the relative fraction of gas released to that produced appears to decrease in the U3Siy/Zircaloy-
4 rodlet. The cause for this is unknown and the lower length scale model is currently being
revisited to understand the cause of this behavior and to determine whether or not it is physical.
The main conclusion of the fission gas release plot is to highlight the fact that even though the
diffusion coefficients are larger in U3Si; than UO;, the fuel operates at a lower temperature in
the U3 Sip/Zircaloy-4 resulting in comparable fission gas release magnitudes in all rodlets.

The evolution of the internal rod pressure is shown in Figure 6.5. As expected, the UO,/FeCrAl
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Figure 6.2: (a) hoop strain and (b) hoop stress evolution at the cladding inner surface at an axial
position of ~60 mm during normal operation for the three rodlets.

27



0.4 . .

0.2 \/

0.0

— U0, Zircaloy
— UO, FeCrAl
U,Si, Zircaloy

Hoop Strain (%)
&
N

-0.4}
-0.6}
-0.8 I | | | |
0 5000 10000 15000 20000 25000
Time (hr)
(a)
100 ; ‘
— UO, Zircaloy
—— UO, FeCrAl
50+ -
— U,Si, Zircaloy
&
z o
(]
v
p
E
%]
2 50t
[e]
T
=150 | I | | I
0 5000 10000 15000 20000 25000
Time (hr)
(b)

Figure 6.3: (a) hoop strain and (b) hoop stress evolution at the cladding outer surface at an axial
position of ~60 mm during normal operation for the three rodlets.
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Figure 6.4: Fission gas release evolution during normal operation for the three rodlets.

rodlet experiences lower rod internal pressures for the duration of irradiation because of the
increased gap thickness due to the reduced creep rates of FeCrAl. By the end of the 3.2 year
irradiation the internal pressure is similar in all rods.

The last fuel performance parameter of interest in the normal operation comparisons is the oxide
thickness illustrated in Figure 6.6. The oxide thickness evolution is very similar in all the rods up
to about 7000 hours at which point the Zircaloy-4 cladded rods experience breakaway oxidation
resulting in a transition from parabolic oxide thickness growth to linear. FeCrAl is not expected
to experience breakaway oxidation and the oxide growth model captures this behavior. For
this irradiation time Zircaloy-4 experiences the growth of an oxide that is about 7 times that of
FeCrAl. This result confirms the anticipated improved oxidation kinetics of FeCrAl.

Keeping in mind the definition by Bragg-sitton et al. [1] of what characteristics a material re-
quires to be considered accident tolerant, the results shown for normal operating conditions in-
dicate that both the U3Siy/Zircaloy-4 and UO,/FeCrAl rodlets show similar performance to the
UO,/Zircaloy-4 with the exception of improved fuel centerline temperatures and oxide growth
behavior, respectively.
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6.1.2 Sensitivity Analysis

Even as the three year ATF HIP draws to a close and lower length scale models have been devel-
oped, experimental data is still lacking and uncertainty exists in the currently available models.
Therefore to assess the importance of this uncertainty in some of the parameters, sensitivity
analyses have been completed for the normal operating case UzSiy/Zircaloy-4 and UO,/FeCrAl
rodlets. There are numerous statistical methodologies available to determine the sensitivity of
the output metrics of interest to uncertainties in select input parameters including Pearson and
Spearman correlation coefficients, main effects studies, surrogate models, and variance based
decomposition. In this work, BISON is coupled to the DAKOTA [60] sensitivity analysis soft-
ware to perform main effects studies.

6.1.2.1 UO,/FeCrAl Rodlet

The variables whose uncertainties are of interest in assessing their effect on fuel performance
metrics vary depending upon the type of simulation being considered (normal operation or tran-
sient). For the UO,/FeCrAl rodlet during normal operation only three parameters were consid-
ered, listed in Table 6.2, which included a scaling factor on the Young’s modulus, oxidation rate
constant, and the thermal creep pre-exponential coefficient. In a main effects study a histogram
distribution is used such that distinct values of each input parameter chosen and every combi-
nation is used in a separate simulation. Therefore varying a large selection of input parameters
becomes prohibitive computationally, with a maximum of five input parameters recommended.
In the table the three values for each parameter are denoted minimum, intermediate, and maxi-
mum. The intermediate value need not be the mean value as is the case with the thermal creep
scale factor for which scaling by orders of magnitude was deemed appropriate due to the signif-
icant uncertainty associated with the thermal creep behavior of FeCrAl alloys.

Table 6.2: Parameters varied in the normal operation main effects for the UO,/FeCrAl rodlet.

Minimum Intermediate Maximum

Young’s modulus scale factor 0.9 1.0 1.1
Oxidation scale factor 0.8 1.0 1.2
Thermal creep scale factor 1.0 10.0 100.0

Figures 6.7 to 6.10 illustrate the main effects plots for the UO,/FeCrAl rodlet during normal
operation. In a main effects study the output metric of interest (e.g., centerline temperature) is
shown on the ordinate axis, whereas the various input parameters are plotted along the abscissa.
Each subplot in a particular diagram represents the main effects of that input parameter. To
provide guidance on how to interpret the results of a main effects study initially focus on the
thermal creep scale factor subplot in Figure 6.7. The point for a thermal creep scale factor of
10 represents the mean value for centerline temperature obtained from all of the simulations
that had the thermal creep scale factor set to 0.8. A monotonic upward slope when an input
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variable is varied indicates a positive correlation with the output metric. Correspondingly, a
monotonic downward slope represents a negative correlation between the input parameter and
output metric. Lines that are close to horizontal imply minute or no correlation between input
and output. Note that all of the data points represent the mean values at the last timestep of the
simulation.

Based upon this description on how to interpret the results presented in the main effects plots it is
observed that for the centerline temperature at the end of the simulation only the thermal creep
scaling factor has any influence on the mean centerline temperature obtained. As the scaling
factor is increased the centerline temperature is reduced slightly. This is expected because con-
tact will be established slightly earlier the more the cladding creeps resulting in slightly lower
temperatures. The reader should examine the ordinate and notice that the range of centerline
temperatures from all simulations is very small (~2.5 K). While the temperature rise across the
oxide scale thickness is taken into account, the rise is extremely small over such a thin oxide
layer that the centerline temperature is not impacted.
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Figure 6.7: Main effects plot for centerline temperature at the end of the normal operation sim-
ulation for the UO,/FeCrAl rodlet.

Typically, the cladding in nuclear fuel rods is treated as a thin-walled cylinder when analyzing
the mechanical behavior due to their small thicknesses. Based upon this assumption it would be
expected to see similar trends in the sensitivity analysis at the inner and outer surfaces. How-
ever, Figures 6.8 and 6.9 illustrate different sensitivity behavior at the inner and outer surfaces.
An examination of these results indicate that the mean hoop strain is fairly independent of the
variation in the input parameters at both the inner and outer surfaces where as the mean hoop
stress is influenced by the Young’s modulus and thermal creep scale factors at the inner and outer
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surfaces. In both cases the stresses are still compressive at the end of the simulation. At the in-
ner surface the Young’s modulus of the cladding has almost no correlation with the hoop stress
whereas the thermal creep scaling factor has quite a strong positive correlation with the hoop
stress (increasing the creep rate reduces the magnitude of the compressive stress). Increasing
the thermal creep scaling factor to 10 results in the stress becoming more compressive before
becoming less compressive in the cases with a scaling factor 100. Once again it should be noted
that range of stresses is fairly small in both cases. The oxidation scaling factor has no influ-
ence on the mechanical behavior because Bison currently does not couple the oxide thickness
formation to the reduction in strength of the underlying substrate (in this case FeCrAl).

The last fuel performance parameter considered in the normal operating sensitivity analysis for
the UO,/FeCrAl rodlet is the fission gas release shown in Figure 6.10. Examination of this figure
shows similar behavior as the fuel centerline temperature. The oxidation scale and thermal creep
scale factors show the same trends with the slight monotonic decrease in the Young’s modulus
scale factor changing to a slight monotonic increase.

In summary the sensitivity analysis during normal operation for the UO,/FeCrAl rodlet illus-
trates that while some of the uncertain parameters have an influence on the temperature, hoop
stresses and strains, and fission gas release, the effects are minimal based upon the small ranges
observed on all the ordinate axes.

6.1.2.2 U3Sis/Zircaloy-4 Rodlet

Given the uncertainty associated with the recently added U3Si, fission gas release model, the
number of uncertain parameters used in the sensitivity analysis for the U3Siy/Zircaloy-4 was
five, including three fission gas parameters, the power, and the thermal conductivity. Varying
these parameters exercises two of the lower length scale models added to BISON for U3Si; fuel
performance, namely the thermal conductivity degradation model and the fission gas release
model. In the table IG and GB represent intergranular and grain boundary, respectively. Five
uncertain input parameters result in 243 cases being included in the main effects analysis. The
same output parameters as for the UO,/FeCrAl main effects analysis were used here.

Table 6.3: Parameters varied in the normal operation main effects for the UsSiy/Zircaloy-4

rodlet.
Minimum Intermediate Maximum
Resolution parameter scale factor 0.1 1.0 10.0
1G Diffusion Coefficient scale factor 0.1 1.0 10.0
GB Diffusion Coefficient scale factor 0.1 1.0 10.0
Power scale factor 0.9 1.0 1.1
Thermal conductivity scale factor 0.9 1.0 1.1
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Figure 6.8: Main effects plots for (a) hoop strain and (b) hoop stress at the inner surface of the
cladding at the end of the normal operation simulation for the UO,/FeCrAl rodlet.

Figures 6.11 through 6.14 illustrate the results of the main effects study for the U3Si,/Zircaloy-4
rodlet during normal operation. In contrast to the UO,/FeCrAl rodlet results presented earlier the
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Figure 6.9: Main effects plots for (a) hoop strain and (b) hoop stress at the outer surface of the
cladding at the end of the normal operation simulation for the UO,/FeCrAl rodlet.

ranges on some of the output parameters of interest are larger. This indicates that the uncertainty

in the U3Si; models and parameters are more severe.
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Figure 6.10: Main effects plot for fission gas release at the end of the normal operation simula-
tion for the UO,/FeCrAl rodlet.

As expected the scaling of the power to the fuel has a strong positive correlation with the cen-
terline temperature (i.e., as the power is increased the temperature rises). On the other hand, as
the thermal conductivity is increased the centerline temperature decreases. The three fission gas
parameters appear to have a minimal influence on the centerline temperature results; however,
one will notices small but positive correlation to the temperature for all three parameters.

Figure 6.12 presents the hoop strain and stress main effects analysis at the inner surface of
the cladding. In the case of hoop strain, the dominate parameter was the power scaling factor
whereas in the case of the hoop stress the most influential parameter is the thermal conductivity
scaling factor of the fuel. The stress and strain are larger when the power is high or the thermal
conductivity low due to increased swelling and temperatures. Figure 6.13 shows the main effects
analysis at the outer surface of the cladding. Here, the trends are similar to the inner surface
except the magnitudes of the stresses and strains being larger as expected due to the slightly
larger radius to the outer surface from the rod centerline.

The fission gas released main effects study results for normal operation are illustrated in Fig-
ure 6.14. These results are the most interesting of all the main effects plots analyzed for either of
the rodlets during normal operation. There is significant uncertainty in the fission gas released
model for U3Si, considering it is developed based upon a single data point in the literature for ir-
radiation at light water reactor temperatures. In fission gas release modeling, the behavior of the
gases strongly depend on the resolution parameter and diffusion coefficients as confirmed by the
main effects analysis. Each of the three fission gas parameters have a positive correlation with

36



820
810 t
800 t 1t 1t :

790 r

Mean Centerline Temperature (K)

780
- - O - - O - - O (@)} = - (@)} = -
s - & = S = 3 4 o =
Resolution IG GB Power Thermal
Parameter Diff. Coeff. Diff. Coeff.  Scale Conductivity
Scale Scale Scale Factor Scale
Factor Factor Factor Factor

Figure 6.11: Main effects plot for centerline temperature at the end of the normal operation sim-
ulation for the U3Siy/Zircaloy-4 rodlet.

the amount of gas released with the resolution parameter having the greatest influence. Increas-
ing the rate at which the gas can diffuse through the fuel will result in more gas being released.
In addition, increasing the power results in more fission gas release because of more fissions
and the fact that the temperature of the fuel is increased leading to faster diffusion through the
Soret effect. Decreasing the thermal conductivity results in more fission gas being released due
to higher temperatures. Based upon the large variation in fission gas release simply by scal-
ing the fission gas behavior by one order of magnitude, the importance of conducting further
experiments to help understand the fission gas behavior mechanisms in U3Si; is clear.

6.2 Loss of Coolant Accident

6.2.1 Nominal Case

Materials being considered to be for use in light water reactors for enhanced accident tolerance
must demonstrate improved performance under postulated accident conditions. To gain insight
into relative behavior between the UO,/Zirclaoy-4, UsSiy/Zircaloy-4, and UO,/FeCrAl rodlets
during these conditions, a postulated LOCA was appended to the end of the normal operation
irradiation described earlier. The conditions for this LOCA were to be representative of a large
break LOCA. The LOCA was simulated by dropping the power to the fuel over 2 seconds to
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Figure 6.12: Main effects plots for (a) hoop strain and (b) hoop stress at the inner surface of
the cladding at the end of the normal operation simulation for the U3Siy/Zircaloy-4
rodlet.
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Figure 6.13: Main effects plots for (a) hoop strain and (b) hoop stress at the outer surface of
the cladding at the end of the normal operation simulation for the U3Siy/Zircaloy-4
rodlet.

39



4.5 F

= 4t

s}

[«1)

W

T 3.5

v

o

w 3t i 1t 1t ' 1

1+

&) Q\

S 25¢t . {1t 1t 1t 1

‘n

1% ]

i 2

j

3

s 15¢
- - O - - O - - O (@)} = - (@)} = -
s - & = S = 3 4 o =
Resolution IG GB Power Thermal
Parameter Diff. Coeff. Diff. Coeff.  Scale Conductivity
Scale Scale Scale Factor Scale
Factor Factor Factor Factor

Figure 6.14: Main effects plot for fission gas release at the end of the normal operation simula-
tion for the U3Siy/Zircaloy-4 rodlet.

zero, turning on decay heat, and setting the inlet mass flux in the coolant channel model to 1
kg/m?-s (zero cannot be specified as the subchannel coolant model would fail) over 10 seconds.
The fuel performance parameters of interest at during the LOCA transient are the centerline
temperature, hoop strain at the inner and outer surface of the cladding, and the rod internal
pressure. In all the subsequent plots shown in this section the time scale indicates the beginning
of the LOCA transient in seconds (i.e., the end of the base irradiation is set to t=0).

Figure 6.15 shows the fuel centerline temperature evolution during the LOCA transient. Initially
the temperature is at its normal operation value as the power is still at 25 kW/m at t=0. After
the power is shut off the temperature rapidly decreases followed by a continual increase in the
temperature until cladding failure occurs. It should be noted that the failure criteria for the
Zircaloy-4 is taken as the plastic instability limit given by failure occurring if the creep rate
exceeds 1/36 s~ It is observed that both of the Zircaloy-4 tubes fail at a later time than FeCrAl
indicated by the termination of the curve in time. The predicted time to cladding burst was
100.37, 108,22, and 118.28 seconds for the UO,/FeCrAl, UsSiy/Zircaloy-4, and UO,/Zircaloy-
4 rodlets respectively.

The cladding hoop strain evolution in at both the inner and outer surfaces of the cladding dur-
ing the LOCA transient are plotted in Figure 6.16. The trends are similar in both plots except
that the strain attained on the outer surface is about 5% less than at the inner surface in the
rodlets clad in Zircaloy-4 resulting in a thinning of the cladding during the ballooning process.
While the UzSiy/Zircaloy-4 and UO,/Zircaloy-4 rodlets experience almost identical strains due
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Figure 6.15: Centerline temperature evolution during the LOCA transient for the three rodlets.

to having the same cladding material, the U3Siy/Zircaloy-4 rodlet fails earlier due to the larger
pre-straining of the cladding during normal operation. This pre-straining is caused by the treat-
ment of UsSi, as elastic and the larger thermal expansion and gaseous swelling experienced by
UsSi;. The larger pre-straining can be seen in Figures 6.2a and 6.3a. Despite having higher
strength, the UO,/FeCrAl rodlet fails first due to having thinner cladding and lower creep rates.
The absence of of high creep results in less ballooning and increases stresses causing failure
earlier than the the Zircaloy-4 rodlets. However, the difference in burst time is only 20 seconds
among the rodlets.

While UO,/FeCrAl rodlet fails earlier, its strain is significantly less than the Zircaloy-4 clad
rodlets meaning that the ballooning is less severe. Constriction of the subchannels would be
minor, which will allow coolability during reflooding to be maintained.

The time evolution of the pressure inside the rodlets during the LOCA transient is shown in
Figure 6.17. As the fuel cools down during the power drop there is a slight decrease in the
internal pressure of the rodlets. As the rod heats up due to the loss of coolant and heat transfer
degradation at the cladding outer surface, the pressure initially begins to rise as the fuel expands
and reduces the internal volume in the rod. Once ballooning of the cladding begins the pressure
evolution is a competition between the increase in temperature and the increasing internal vol-
ume. Higher temperatures will cause the pressure to increase while a larger internal volume will
cause the pressure to decrease. At a certain point when the cladding distention is sufficient, the
pressure begins to drop continuously until failure. The larger pressure within the UO,2/FeCrAl
rodlet at the time of failure will likely result in a much larger rupture opening as observed by
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Figure 6.16: Evolution of the hoop strain at (a) the inner surface and (b) outer surface at an axial
position of ~60 mm during the LOCA transient for the three rodlets.
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Figure 6.17: Rod internal pressure evolution during the LOCA transient for the three rodlets.

6.2.2 Sensitivity Analysis

As with the normal operation case, sensitivity analysis was completed for the LOCA scenario
using main effects plots. In the LOCA case the output parameters of interest are the centerline
temperature, hoop strain at the inner and outer cladding surface, and the time to cladding burst
(failure). As before the main effects plots represent the mean values at the time of failure (end
of the simulation) but it should be noted that the base irradiation is taken into account in the
parameter variation.

6.2.2.1 UO,/FeCrAl Rodlet

For the UO,/FeCrAl rodlet the uncertain parameters for the LOCA transient are the same as
the normal operation case with the addition of a scaling factor on the burst stress. The failure
criterion developed by Gamble et al. [53] is based upon the only burst experiments completed
on FeCrAl alloys. In these experiments there were only five FeCrAl rods, which is noted to be
a small sampling of experiments. Therefore, a sensitivity analysis is conducted that takes into
account this parameter to acknowledge the uncertainty that will associated with the burst stress
correlation.
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Table 6.4: Parameters varied in the LOCA main effects for the UO,/FeCrAl rodlet.
Minimum Intermediate Maximum

Young’s modulus scale factor 0.9 1.0 1.1
Oxidation scale factor 0.8 1.0 1.2
Thermal creep scale factor 1.0 10.0 100.0
Burst stress scale factor 0.8 1.0 1.2

As expected the scaling of the burst stress is strongly correlated with the temperature. A lower
burst stress means that the failure criterion will be met at a lower temperature since the burst
stress is exponentially dependent on temperature. Correspondingly, a larger burst stress will
mean the cladding will have to reach a higher temperature before failing. The thermal creep
scaling factor has a unique correlation with the temperature. If increased by a single order of
magnitude the higher creep rate results in a small amount of cladding ballooning to help reduce
the internal pressure and stress within the cladding, resulting in failure at a higher tempera-
ture. However, if the thermal creep scale factor is increased by another order of magnitude the
mean fuel centerline temperature reached is lower. Once again the oxidation scale factor has no
correlation due to the temperature drop across the oxide thickness being extremely small.
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Figure 6.18: Main effects plot for centerline temperature at the end of the LOCA transient for
the UO,/FeCrAl rodlet.

The hoop strain main effects plots are illustrated in Figure 6.19. The behavior is essentially
identical at the inner and outer cladding surfaces. It should be noticed that the strains obtained
from the main effects are considerably higher than that obtained in the nominal case shown for
the UO,/FeCrAl rodlet in Figure 6.16 with the exception of the cases that had a thermal creep
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scaling factor of 1.0. This observation clearly shows the effect of the thermal creep scaling
factor on the strain behavior during the high temperature observed in a LOCA. Thus, at high
temperature, by scaling the thermal creep scaling factor by two orders of magnitude ballooning
behavior similar to nominal Zircaloy-4 can be seen. Therefore, it is imperative to perform ad-
ditional experiments on FeCrAl alloys to solidify understanding of the thermal creep behavior.
The burst stress scale factor also has a positive correlation with the hoop strain because if the
stress resulting in failure is increased the cladding will be able to distend more prior to failing.

The last parameter of interest in terms of LOCA sensitivity analysis is the time to burst (failure)
from the onset of the LOCA transient. The results for the UO,/FeCrAl rodlet are summarized
in Figure 6.20. Increasing the thermal creep scale factor by one order of magnitude increases
the time until failure as some cladding distention is permitted and the internal pressure drops
reducing the stress exerted on the cladding. However, increasing the factor by another order
of magnitude results in significant cladding distention earlier in the transient and the reduced
pressure is not enough to offset the high stresses caused by the larger ballooning. As expected,
the burst stress is the driving force of the time to burst and has a strong positive correlation with
the time to burst. It should be noted that increasing the burst stress in FeCrAl by 20% still does
not result in the burst time observed for the tradiational UO,/Zircaloy-4 rodlet for the nominal
LOCA transient described in the previous subsection.

6.2.2.2 U3Sis/Zircaloy-4 Rodlet

In contrast to the sensitivity analysis completed for the UO,/FeCrAl rodlet, the parameters to be
varied in the LOCA case for the U3Siy/Zircaloy-4 are not the same as the normal operation study.
This is because the fission gas release model for U3Si; is not applicable during LOCA transients
and the nominal fission gas released is sufficient to study the LOCA effects. The parameters
of particular interest in U3Siy/Zircaloy-4 analysis are the mechanical and thermal properties of
the fuel since it is being treated as elastic. Therefore, the thermal expansion coefficient, Young’s
modulus and thermal conductivity are varied. Note that the range of thermal conductivity scaling
is smaller in this case than for the normal operation case because it is expected to have a strong
effect on the results and too large of a variation could lead to convergence problems.

Table 6.5: Parameters varied in the LOCA main effects for the UsSi,/Zircaloy-4 rodlet.
Minimum Intermediate Maximum
Thermal expansion coefficient (K~')  12x 107 15x10°° 18x10°°
Young’s modulus (GPa) 126 140 154
Thermal conductivity scale factor 0.95 1.0 1.05

The sensitivity analysis for the fuel centerline temperature for the UsSiy/Zircaloy-4 rodlet is
shown in Figure 6.21. It is observed that the variation in thermal expansion coefficient and
Young’s modulus have very similar trends. Surprisingly, the thermal conductivity has a unique
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Figure 6.19: Main effects plots for hoop strain at the (a) inner and (b) outer cladding surface at
the end of the LOCA transient for the UO,/FeCrAl rodlet.

correlation where the lower and upper bounds have similar temperature where as the unscaled
thermal conductivity results in a lower temperature. However, the magnitude difference between
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Figure 6.20: Main effects plot for time to burst at the end of the LOCA transient for the
UO,/FeCrAl rodlet.

the predicted centerline temperature is only approximately 3 K which indicates that during the
postulated LOCA transient here these parameters have very little influence. This is likely at-
tributed to the fact the the power has dropped to the fuel and the increase in fuel temperatures is
primarily driven by heat transfer from the outer surface of the cladding, across the gap and into
the fuel.

As with the UO,/FeCrAl rodlet the trends of the uncertain input parameters on the hoop strain at
the inner and outer surface of the cladding are similar with the magnitude of the strains slightly
lower at the outer surface as shown in Figure 6.22. As expected the thermal expansion coefficient
has a strong positive correlation with the strains as it results in the fuel expanding more and
inducing additional strain prior to the LOCA transient. Recall that the variation of the parameters
is also applied to the the entire base irradiation prior to the LOCA.

Lastly, the time to burst of the Zircaloy-4 cladding main effects plot for the UsSi,/Zircaloy-4
rodlet is illustrated in Figure 6.23. Interestingly the variation in time to burst is only approxi-
mately 0.6 seconds. This means that the parameters varied have little effect on the duration of
the LOCA transient. This is because during the LOCA transient, the time to burst is primarily
driven by the behavior of the cladding as it balloons.
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Figure 6.21: Main effects plot for centerline temperature at the end of the LOCA transient for
the U3 Siy/Zircaloy-4 rodlet.

6.3 Reactivity Insertion Accident

The last postulated accident to be considered in this work is the Reactivity Insertion Accident
(RIA). Early work was completed independently by Pavel Medvedev of the Advanced Fuels
Campaign on investigating U3Si, behavior during a RIA. This work was confirmed by the first
author of this report at a later date. Based upon those results work was completed in collaboration
with Brookhaven National Laboratory on using neutronics to inform the RIA pulse in U3Si; and
assessing the fuel performance behavior. That work was completed for a RIA initiating from hot
full power conditions. Given that a RIA initiating from hot zero power is considered the most
severe, the initial work by Pavel was revisited using the latest up to date models for the two ATF
materials and compared to the traditional UO,/Zircaloy-4 system.

The RIA scenario used in this study is adopted from an Organisation for Economic Co-operation
(OECD) benchmark developed for fuel performance modeling of RIAs in UO;. The cases in the
benchmark are relatively simple to allow comparisons between different organizations and their
codes. The case chosen from this benchmark for the analysis here was case 3. Figure 6.24 pro-
vides a schematic of the problem setup including dimensions and coolant boundary conditions.
As before the cladding thickness is adjusted to take account the necessity for thinner cladding in
the FeCrAl case. The total simulation duration is 200 seconds with the RIA pulse beginning at
100 seconds, the maximum 1 MW power to the fuel occuring at 100.03 seconds, and the pulse
finishing at 100.06 seconds with a triangular shape. The fuel is assumed to be fresh and contains
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Figure 6.22: Main effects plots for hoop strain at the (a) inner and (b) outer cladding surface at
the end of the LOCA transient for the U3Si,/Zircaloy-4 rodlet.

no burnup effects.
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Figure 6.23: Main effects plot for time to burst at the end of the LOCA transient for the
UsSip/Zircaloy-4 rodlet.
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Figure 6.24: Schematic describing the benchmark case used in the RIA analysis.

The centerline temperature, hoop stress and strain at the inner cladding surface, and internal rod
pressure are shown in Figures 6.25 through 6.27. Only the mechanical behavior at the inner
cladding surface was considered for the RIA transient in contrast to the other analyses in this
report because hard contact is expected at the inner surface during the RIA which of interest.
The maximum temperature reached by all rodlets during the transient is almost identical (around
2500 K) due to the similar specific heat values of the two fuel materials. The temperature in the
UsSiy/Zircaloy rodlet drops more rapidly after the RIA pulse is finished because the thermal
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conductivity is significantly higher than UO5.

The key observation that should noted is that the 2500 K centerline temperature attained by
U3Si; is significantly higher than its melting point of 1938 K. While this is clearly problematic
it should be noted that the pulse shape that would occur in UO, and U3Si, are different for the
same RIA due to neutronic considerations not taken into account here.
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Figure 6.25: Time evolution of the centerline temperature during the RIA transient for all three
rodlets.

The hoop strain and stress evolution during the pulse is shown in Figure 6.26. The results
show that initially there is some strain in the cladding purely due to thermal expansion. At the
initiation of the transient the increased thermal expansion of the fuel leading to solid-to-solid
contact causes significant plasticity to occur in the cladding resulting in larger strains. After the
transient some of the strain is recovered and stabilizes to a constant value. All rods experience
similar stresses. As for the stresses the trends are quite similar among the rodlets except the
magnitudes are vastly different. The UO,/FeCrAl rod experiences the largest stresses due to the
thinner cladding and higher modulus, as expected.

Lastly, the rod internal pressure evolution during the RIA is shown in Figure 6.27. Here, the
behavior among the rodlets is quite similar with the maximum pressures reached at the peak of
the transient almost being the same. After the transient all rodlets stabilize at a pressure very
close to the initial pressure with all converging to a value very close to the initial pressure of the
rods prior to the RIA pulse.
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Figure 6.26: Time evolution of the (a) hoop strain and (b) hoop stress at the inner surface of the
cladding during the RIA transient for all three rodlets.
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Figure 6.27: Time evolution of the internal rod pressure during the RIA transient for all three
rodlets.
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7 Collaborations

The success of the ATF HIP has depended on collaboration among researchers at Idaho National
Laboratory, Los Alamos National Laboratory, Argonne National Laboratory, and the University
of Tennessee-Knoxville. This group met the challenge to develop a modeling capability for
ATF with very limited experimental data. The contributions of these individuals is documented
elsewhere and will not be repeated here.

7.1 University of South Carolina

Much of the early modeling work for UsSi; comes from Travis Knight and his team at the
University of South Carolina. In particular, Kallie Metzger, who was an intern for a time at INL,
performed the first model development and analysis of U3Si; in Bison [12, 42]. Her work served
as a starting point for further model development and refinement.

7.2 Massachusetts Institute of Technology

Massachusetts Institute of Technology (MIT) heads an Integrated Research Project (IRP) on
ATF, “Development of Accident Tolerant Fuel Options for Near Term Applications.” Other
institutions associated with the IRP include the University of Wisconsin, Texas A&M University,
Pennsylvania State University, ANATECH Corp., and AREVA. Researchers in the IRP have
exercised Bison capabilities and developed new capabilities also. Most recently, INL hosted an
intern from MIT to investigate chromia doped UO, fission gas release.

7.3 Texas A&M University

Through a contract with Texas A&M University, a graduate student has spent time at INL inves-
tigating coated cladding performance. This work is directed to accident scenarios and especially
RIA events. One unique component of this work is the fact that Bison has been coupled to
RELAP-7 to determine the heat transfer characteristics and the cladding outer surface.
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7.4 Westinghouse

In late September 2016, a meeting was held in Columbia, South Carolina, to formalize a collab-
oration between Westinghouse and the NEAMS and CASL DOE programs. Two things were
accomplished at the meeting: 1) a so-called “Test Stand” was agreed upon and 2) a Bison work-
shop was held. In both cases, the focus was on accident tolerant fuel.

Since that meeting, INL and Westinghouse staff have continued to communicate regarding the
installation and evaluation of Bison. The aim is to run a full suite of ATF analyses (U3Si, fuel,
SiC-SiC cladding, and coated Zirconium based cladding).

The capabilities of Bison will be the focus of a presentation at the Collaboration for Advanced
Research on Accident-tolerant Fuel (CARAT) meeting in October 2017.

7.5 EPRI

EPRI (Electric Power Research Institute), INL, and DOE have held a series of joint workshops
on ATF as part of EPRI’s Fuel Reliability Program. Multiple members of the NEAMS Leader-
ship Council have been invited to these meetings and have had the opportunity to present our
work. This connection provided us insight into industry’s evolving enthusiasm and priorities in
ATF.

7.6 Advanced Fuels Campaign

As the principal stakeholder in the NEAMS ATF HIP, the Advanced Fuels Campaign has been
a critical source of suggestions, guidance, and feedback during the process of developing and
exercising the material models discussed in this report.

The team at Oak Ridge National Laboratory, and particularly Kurt Terrani, has been a vital
source of information for FeCrAl models. The creep and oxidation models are built using infor-
mation directly from this source. Feedback on the kinds of studies that will be valuable and on
the relative importance of different performance questions was also very helpful.

Mike Todoso at Brookhaven National laboratory worked with us to understand and model Re-
activity Insertion Accidents with ATF materials during hot full power conditions [61].

The opportunity to present the state of the project at Advanced Fuels Campaign meetings, to
receive feedback, and to hear about the state of the testing program also was a source of valuable
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information.
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8 Conclusions

As the NEAMS ATF HIP draws to a close it was imperative to document the latest state-of-
the-art material models available for the two proposed ATF materials that were the focus of
the project, namely, FeCrAl cladding, and U3Si, fuel. The latest version of the models were
then used to investigate the relative response between UO,/FeCrAl and U;3Siy/Zircaloy-4 rodlets
with a traditional UO,/Zircaloy-4 rodlet under normal operating, loss of coolant and reactiv-
ity insertion conditions. Sensitivity analyses were also completed for the UO,/FeCrAl and
UsSiy/Zircaloy-4 rodlet for the normal operating and loss of coolant cases.

The results indicate that during normal operation that UO,/FeCrAl experiences improved ox-
idation kinetics and the onset of PCMI is delayed. The UsSi/Zircaloy-4 rodlet experiences
approximately 600 K lower fuel centerline temperatures during normal operation. The sensi-
tivity analyses completed on the UO,/FeCrAl rodlet indicate that the thermal creep scale factor
has the strongest influence on the results during normal operation but the magnitude of varia-
tion is small. In the case of the U3Siy/Zircaloy-4 rodlet, the scaling of the power and thermal
conductivity had an influence in all fuel performance metrics of interest whereas the fission gas
behavior parameters only had a strong influence on the amount of fission gas released.

The nominal LOCA simulation appended to the normal operation base irradiation indicated
that the UO,/FeCrAl rodlet failed first followed by the U3Siy/Zircaloy-4 rodlet, and finally the
traditional UO,/Zircaloy-4 rodlet. Even though the UO,/FeCrAl rodlet failed first the strains
experienced are about 6 times less than in the two Zircaloy-4 clad rodlets meaning that the
constriction of the subchannels surrounding the rodlet would be less ensuring that coolability
is maintained if reflooding were to occur. The sensitivity analyses on the UO,/FeCrAl rodlet
during the LOCA indicate that the thermal creep and burst stress scale factors had the greatest
influence on the results. For the U3Siy/Zircaloy-4 rodlet it is observed that the varied parameters
have little impact on the fuel performance metrics at the end of the LOCA transient. This is
because the behavior during the postulated LOCA analyzed in this work is primarily driven by
the cladding behavior rather than the fuel.

Lastly, an investigation of the fuel performance behavior under RIA conditions was completed
using a case from an OECD benchmark on RIA performance in UO, fuel. The results of this
simple analysis indicated that under the pulse used that U3Si, would have centerline melting.

The UO,/FeCrAl rodlet had very similar behavior as the UO,/Zircaloy-4 rodlet.

While significant progress has been made throughout the three years of the HIP by using multi-
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scale multiphysics modeling, more work is required. The next chapter highlights some additional
modeling activities that will be undertaken. Further experiments are also required to validate the
models.

58



9 Future Work

Much work remains to be done for both FeCrAl models and U3Si; models. More modeling
activities are envisioned for other ATF concepts as well.

9.1 FeCrAl

While not complete, the state of the models for FeCrAl is good. With experimental data, models
will of course be improved. Creep models in particular will be refined. More work is needed
to understand burst. The limited calculations done to date, and reported elsewhere, indicate that
FeCrAl will burst at similar pressures and times as Zircaloy rods. More experiments and cal-
culations need to be done at different conditions to understand that question better. In addition,
when FeCrAl bursts, it may result in a larger opening than when Zircaloy rods burst [16]. This
also needs development.

Considerable work remains to utilize the advanced constitutive modeling capabilities developed
at Los Alamos National Laboratory in the VPSC code. Initial coupling of VPSC to Bison has
been completed, but this must be exercised and evaluated more fully. It may be possible to use a
reduced order model, informed by VPSC but more computationally efficient, to improve FeCrAl
modeling capabilities.

9.2 U;3Si»

A variety of work remains regarding UsSi, models. Thermal conductivity degradation seems
to have a small but not insignificant effect on fuel centerline temperature. It may be possible to
simplify the model developed by Argonne National Laboratory. Similar work at Idaho National
Laboratory needs to be evaluated. Experimental data is needed.

For swelling, current models predict significant swelling, considerably more than seen in UO,.

Experimental data is needed here also. This data will need to be separated from thermal ex-
pansion and densification. A separation of the data between solid and gaseous swelling is also
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needed. In perhaps no other area investigated in this work has a phenomena been so in need of
experimental data.

Fission gas is also being modeled in the near absence of data. The current model is fairly
expensive and needs efficiency improvements. This model also predicts swelling, and the ideal
situation would be to use the fission gas model for swelling also, as is done for UOs.

A journal paper regarding UsSi; modeling is envisioned.

9.3 Silicon Carbide Cladding

Silicon carbide cladding has a wide range of open modeling issues. However, as a first step, it
is necessary to introduce a temperature and fluence dependent swelling model to Bison. Oth-
ers (University of Tennessee, for example) have developed such a model. If that work is not
committed to Bison, a separate model will need to be created.

Issues associated with microcracking, accident behavior, and PCMI are also areas for computa-
tional research.

9.4 Coated Cladding

Coated Zircaloy cladding is being pursued by several institutions, including AREVA [20]. Early
indications are that a thin (10 - 20 um) chromium coating has a negligible effect on cladding
deformation. This is in contrast to preliminary analysis work done. This clearly requires further
investigation. A creep model for chromium may be needed.

Given the thin coating layer, it may be helpful to employ mesoscale modeling to understand the
character of the Zircaloy/chromium interface.

9.5 Doped UO,

Chromium-doped UO; is being actively developed. It appears that this fuel is more compliant
with better fission gas retention than conventional UO;. Fission gas release modeling can be
done without much difficulty since the same model can be used with only the diffusion coeffi-
cient and grain size changed. Mechanical models are also straightforward given the appropriate
mechanical property data.
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